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ANALYSIS OF AN AN CITED OUTER-RACE BALL BEARING 
CONSIDERING CENTRIFUGAL FORCES 


by Bernard J. Hamrock and William J. Anderson 

Lewis Research Center 
Cleveland. Ohio 


A...S .u vAv. i. 

A thrust. load analysis of an arched outer race ball bearing which con- 
siders centrifugal forces but which neglects gyroscopics, elastohydredy- 
minsics, and thermal effects was performed. A Newton-Raphson method 
vf iteration was used in evaluating the radial and axial projection of the 
distance between the ball center and the outer raceway groove curvature 
cent ci (V and W). Fatigue life evaluations were made. The similar anal - 
ysis of a conventional bearing can be directly obtained-from the arched 
bearing analysis by simply letting the amount of arching be zero (g - 0) and 
not considering equations related to the unleaded half of the outer race. 

The analysis was applied to a 1 50- mm -angular contact ball bearing 
Results for life, contact loads, and angles are shown for a conventional 
bearing 0) and two arched bearings {g - 0. 127 mm (0.005 in. ), and 
0. 254 mm (0.010 in. )). The results indicate that an.. arched bearing is 
hignJv desirable for high speed applications. In particular, for a DN va'ue 
of 3 million (20 000 rpm) and an applied axial load of 4448 N (1000 lb), ;m 
arched he aring sht.ws an improvement in life of 3C6 percent over that of a 
com <-u .onal t ^earing. At 4.2 million DN (28 000 rj.mA the corresponding 
i inpr : Vt m uoiii is 240 percent. It was also found for ,'ow speeds, the arched 
bearing dues not mfer she advantages that it does for high speed applira- 
t ions , 
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speed in rpm). It is estimated that engine designs of the next decade will 
require bearings to operate at DN values of 3 million or more (ref. 1). 
r» this DN range, analyses (refs. 2 and 3) predict a prohibitive reduction 
in bearing fatigue life due to the high centrifugal forces developed between 
the rolling elements and outer race. 

Several approaches to the high speed bearing problem have been sug- 
gested and are being developed. One approach is to reduce ball mass 
through the use of thin wall spherically hollow balls (ref. 4) or drilled 
ball^ (lets. 5, 6, and /). Theory indicates that significant improvements 
in bearing fatigue life can be obtained at DN values of 3 million and above 
•,vith a 50 percent or greater weight removal from the balls. Flexure 
failures have occurred with both hollow and drilled balls after short run- 
ning times, however, so both of these concepts must still be considered 
highly experimental. 

Hybrid bearings consisting of a combination ball and fluid film bear- 
ing constitute a second approach. The parallel hybrid bearing (ref. 8), 
in which the fluid film bearing and ball bearing share the system load with 
both operating at full speed, can be used to improve high speed ball bear- 
ing life. However, the effectiveness of the parallel hybrid bearing dimin- 
ishes at high speeds because it does not attenuate centrifugal effects in the 
ball bearing. The series hybrid bearing (refs. 9 and 10), in which a fluid 
fi lm bearing and ball bearing both carry full system load while each oper- 
ates at pari speed,, is theoretically the most effective approach to extend- 
ing high speed ball bearing life. This concept, too, is still quite experi- 
mental. Mechanical complexity is a problem, and effects on shaft stiff- 
ness and rotor dynamics must be evaluated. 


Initial experiments with an arched outer-race ball bearing (ref. 11) 
indicated that this design operated with lower torque than a conventional 
angular contact bearing The experiments of reference 11 were conduc- 
ted td DN values up to about 1 million. In light of the si'"cesefui experi- 
ments ol reference 11, the arched outer-race ball bearing seemed to be a 
promising high speed bearing concept. because ui it ability to share the 
centrifugal loading at two outer-race contacts per bait. 

The objective- of the work reported herein was to conduct a fatigue 
lite anahm • 0 f the arched outer-race bail bearing and h, compare the 




A 



3 


fm.igue litc of this bearing with that of a conventional bearing at various 
combinations of thrust load and speed. A first order thrust load analysis, 
m which gyroscopic, elastohydrodynamic, and thermal effects are ne- 
glected, is reported. A more detailed report of the above is given by the 
authors in reference-12. 

SYMBOLS 

A distance between raceway groove curvature centers 
/ right side outer race curvature center 

sonumajor axis of the projected contact ellipse 
B f 0 t\ - 1 = A/D 

bail center initially 

b semiminor axis of the projected contact ellipse 

initial position, inner raceway groove curvature center 
D ball diameter 

i 

* heft side outer race curvature center 

b i aceway diameter 

b pitch diameter 

rr . L ‘ a 0.005 * L ia-0 inn 

tj • ' - 100 - percent improvement of an arch bearing 

1 a 0 

U' 0. 005) over that ot a conventional bearing 'a <'■ 

“lliplical integral of the second kind 
b vnjly applied load 
, ‘ > "• • itugnl ton e 

i r ') 

amount ot arching, or width of material renamed from outer rare .,! 

• •on volitional bearing 
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h 


K 


k 


L 


n 

P 



r 


S 


S, 


T 

T, 


u 

V 

w 


/£ 


O' 


distance from top of arch to top of ball when the bearing is in a radial 
contact position 

load deflection constant 

a/b 

life in hours 
ball center, finally 

final position, inner raceway groove curvature center 
tip of arch 
rotational speed 

basic dynamic capacity of a raceway contact 
bearing diametral clearance 
free endplay 
ball normal load 

raceway groove curvature radius 

distance between inner and outer raceway groove curvature center 
loci 

diametral play 

1 o / a max 
' 'o' 

number of stress cycles per revolution 

radial projection of distance between ball center and outer raceway 
groove curvature center 

axia 1 projection of distance between bail center and outer raceway 
groove curvature center 

number of balls 

radial contact angle 
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axial contact angle 
D cos ;t/d m 

A distance between raceway groove curvature center and final posi- 
sition of ball center 

contact deformation 

T, axial displacement 

i «nio of depth of maximum shear stress to semi-minor axis, /. b 

‘l 'Ok,! 

ii defined by equation (8) 

i> curvature sum 

a max maximum normal stress 

~ 0 maximum orthogonal subsurface shear stress 

Subscripts: 

i refers to inner raceway 

° refers to outer raceway 

01 refers to left outer raceway 

On refers io rigid, outer raceway 

refers to x direction 
/ r, furs to z direction 

Barred values refer to final position 


AitL H bu BEARING GEOMETRY 

Ki ‘ u r< ’ 1 «bo-vf. how the arched outer race is made. A convent local 
-ner arc m shown in figure 1(a) with race radius of r . shown m 

figure 1(a) is the portion of the conventional outer race that m removed in 
tormi.ig an arched outer race. Figure 1(b) shows the arched outer race 
with the portion ot length • removed. Note that there are now two out,< r 
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race radius centers separated by a distance g. 

Figure 2 shows the arched bearing while in a noncontacting position. 
Here the pitch diameter (d m ), and diametral clearance (P^), diametral 
play (S d ), and raceway diameters (d., d Q ) are defined. The diametral 
piny is the total amount oi radial movement allowed in the bearing. Fur- 
thermore the diametral clearance is the diametral play plus two times the 
uistar.ee from the bottom of the ball to the tip of the arch when the bearing 
ns m a radial contact position. 

Figure 3 shows the arched bearing in a radial contact position. Instead 
ot contacting at one point at the bottom of the outer raceway the ball contacts 
at two points separated by an angle 2 rv. From figure 3 the radial contact 
angle <y can be written as 


a 


i / 

sin__i_— 


g 


\ 2r o ' 


D 


(I) 


A distance which needs to be formulated is the distance from the tip of the 
arch to the bottom of the ball when the ball and raceway are in the radial 
contact position as shown in figure 3. This distance will be defined as h. 
Ii cm figure 3(b) and using the Pythagorean theorem the following can be 

written - 


r 


2 

o 



sin 2 a + i h + — + / r 

2 J L 2 V 0 


— jeos a 

2 J 


.SAwng rur h the following can be written 


n - - ™ - . r - — ■ cos a + - 
2 0 2 2 

.Note that, as one might expect, as a ~ 0° h - 0. Khowinr h, from ng- 
ores 2 and 3 a number of conventional bearing parameters can be formu- 
la* oct. The outer raceway diameter may be written as 


D(4r 0 - D) + (2r 0 - D) 2 cos 2 
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( 2 ) 


ci 0 - d. * P rf + 2D 


(3) 


7 


whore 


P d " S d + 2h ( 4 ) 

From equations (3) and (4) the diametral play can be written as 

S d , d Q - dj - 2D - 2h (5) 

The pitch diameter d m from figure 2 can be expressed as 

s d 

d m = d i + J + D (6) 

Figure 4 shows the arched ball bearing while in the axial contact posi- 
tion. Note, the ball is in the top position. From this figure the distance 
between the center of curvature of the inner and right outer race can be 
written as 


A - r + r. - D - BD 

o i 


where 


B = 'o * f i - 1 


Vi 


O 


D 


and 


(V 


f -- i 

1 D 


t-rom figure 4(b) the following equation can be written 


+ (r - >]) 
2 / ° 


2 
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Solving for ri one gets 


V 



Knowing t/, the axial contact angle can be written as 


iS = cos 



The end play of an arched bearing is 


P e = 2A sin (3 - g 


( 8 ) 


(9) 


(10) 


ANALYSIS 
Contact Geometry 

From the experimental work of Haines and Edmonds (ref. 11) it is ob- 
served that the arched bearing will initially operate with two point contact 
at the lower speeds and then with three point contact at higher speeds when 
the centrifugal forces become significant. When centrifugal force acts on 
the hall, the inner and outer raceway contact angles are dissimilar, there- 
fore. the lines of action between raceway groove curvature radius centers 
become discontinuous as shown in figure 5. In this figure the right and left 
outer raceway groove curvature centers (d and £)) are fixed in space and 

the inner raceway groove curvature center (C) moves axiaily relative to 
these fixed centers. 

Following the general approach used by reference 13 and using figure 5, 
the distance between the fixed right and left outer raceway groove curvature’ - 
cent ers ( ; y and /y) and the final position of the ball < niter (jO can be written 

48 
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A 01 =r o- 7 + 6 01 = < f o - 0 ' 5 > D+6 01 <»« 

A 

A 02 “ 5 ^ D + 6 02 U2) 

where 6 01 = normal contact deformation at left outer raceway center, and 
Sq 2 ~ normal contact deformation at right outer raceway center. Similarly 
the distance between the final inner raceway groove curvature center ( 7 ? l ) 
and the final position of the ball center (<<) is 

A. = (f. - 0. 5)D + ^ (13) 

where Sj = normal contact deformation at the inner raceway center. 

The axial distance between the final position of the inner and right 
outer raceway groove center is 

S x = A sin j 8 + d a ( 14 ) 

-where 6 a = axial displacement. The radial distance between the final posi- 
tion of the inner raceway groove curvature center and the right or left outer 
raceway groove curvature center is 

S z =Acos/3 ( 15 ) 

From figure 5 and equations (11) through (15) the following can be written 


COS ;3 01 = y~ 

(f o -0.5)D + « 01 

(16) 

sin ;3 ni - - — g - W — 

(f 0 - 0. 5)D + 6 01 

(17) 

cos ,J 02 « 1 

(f 0 - 0. 5)D 4 5 02 

(18) 

sin l^r\n -* — * - *—* — 

(f 0 - 0 . 5)D 4 e 02 

(19) 
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cos 0 . = -A cos & - V 
1 (ir- 0. 5)D + 

A sin j8 + 6 - W 

sin 0 . = ± 

(fj - 0. 5)D + 6. 


( 20 ) 


( 21 ) 


Using the Pythagorean theorem and regrouping terms the following can be 

written 


6 01 = -\! y2 + (S " w ) 2 ' D(f 0 “ 0. 5) (22) 

f 

«02 = A y2 + w2 - D (‘ 0 - 0- 5) (23) 

a i = ",A A cos i 3 ' V) 2 + (A sin 0 + 6 a - W) 2 - D(£, - 0. 5) (24) 


The normal loads shown in figure 6 are related to the normal contact 
deformation in the following way 


Q = K6 1 - 5 ( 25 ) 

With proper subscripting of i, 01, and 02 this equation could represent the 
normal loads of the inner ring (Q.) left outer ring (Q 01 ), or right outer 
ring (Qq 2). From figure 6 the equilibrium of the forces in the horizontal 
and vertical directions are 

Q i sin \ + %1 sin fyi “ % 2 sin ^02 = 0 

Q. cos 0 . - Q 01 cos - Q 02 cos /3 02 + F c » 0 

Substituting equations (14) through (21) and equation (25) in. , the above equa- 
tions gives the following 

K i a i i ' 5 < S x- W > . k 02 5 02 5 ' V + K 0l ^^ fe -W) _ 

(f, - 0. 5)D + 6, (l g - 0. 5)D + 6 02 + (f Q - 0. 5)D + 6 0[ * ° <20> 


Vi' 5 < s z - V) 


K 02 5 02 5 V 


k oi 6 '' 5 ' r 


(f ; - 0. 5)D 4 6j (f o - 0. 5)D + S 02 (£ o - 0. 5)D + 6. 


+ F c = 0 (27) 


The expression for the load deflection constants (K^, Kq-, and K, ) 
the centrifugal force (F c ), and the axial contact displacement (6 ) are 2 
developed by the authors in reference 12 and will not be repeated here. 
Knowing these expressions (K,, K Q1 , K,,,,, F(; , and 6 a ) one can solve for 
V and W in equations (26) and (27). The Newton-Raphson iteration method 
was used to solve the system of nonlinear equations. Knowing V" and W 
and given equations (16) through (25) the contact loads (Q., Q Q ) and 
angles (/?., ^ , , 3 ^ can be evaluated. 1 ^ 

Derivation of Fatigue Life 

From the weakest link theory, on which the Weibull equation is based, 
we get the relationship between life of an assembly (the bearing) and its com- 
ponents (the inner and outer rings) as 


i J 12n i \ f/ 1 Y 0/9 ^yo/j 


L \1X10 6 / |_\ L i 




^yo/9 
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In this equation life L is expressed in hours. A material improvement fac- 
toi of fixe has been assumed, however no adjustment factors for reliability 
or operating conditions has been added. For point contact 


Therefore equation (28) becomes 




\12n ( 


L- p i / \ p oi; v P 02 > J 
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The contact loads are defined by equation (25). Fron Lundberg and 
Palmgren (ref. 14) the following can be written 


P - (84 000) D l ‘ 8 


3. 1 



(31) 


With proper subscripting of i, 01, and 02 this equation can represent the 
dynamic loads of the inner ring (P.), the left outer ring (P Ql ), and the right 
outer ring (p 02 ). 

Variations of the T and % functions with curvature over the range 
from 0. 52 to 0. 54 are 2. 3 and 0. 8 percent, respectively. The variation of 
the product of these functions over the curvature range from 0. 52 to 0. 54 
is less than 2 percent. Therefore, for the range described above the prod- 
ucts of the T and £ functions can be considered a constant in equation (31) 
or 


IT 

3. 1 


E-4 

4 


»— * 

! 


0.718 


(32) 


The number of stress cycles per revolution for each contact is, to a good 
approximation (ref. 14) 


u i - ~ (1 + 1 \) (33) 

U 01 * § ■' W (34) 

U 02 = I " >02 ) ( 35 ) 

Substituting equations (32) through (35) into equation '31), one can obtain 
the dynamic rapacity at inner ring, left and right outer rings as 
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/2 £,' 2 * 1 


01 


02 


(ctp 0 - 3 

\ *Pl J 

_ 60 312 

^ 01 

«v°- 3 

V^Ol 

. 60 312 j 



O4) 


0.7fz 


(i + ij )"]' 1/3 


\' 


2.1 


r \0. 7TZ /! 

k 01 } (1 ' r 01 


1-1/3 


!. 1 


(d 0 ) 0 ’ 3 V n PQ2 


^ 02 ^ 


0.7 


(1 " > 02 ) 


•1/3 


(36) 


(37) 


(38) 


Therefore from equations (25), (36) through (38), and equation (30), the life 
in hours of the bearing can be obtained. The equations for a conventional 
bearing can be directly obtained from the arched bearing analysis by simply 
letting the amount of arching be zero (g = 0) and not considering equations 
related to the left outer race. 


DISCUSSION OF RESULTS 

A conventional 150- mm ball thrust bearing was used for the computer 
evaluation. Bearing parameters and results such as life, contact loads and 
angles for various speeds and axial loads are shown in table I for the conven- 
tional beaiing. Then calculations were made for the arched bearing (fig. 1(b)) 
The diametral play (S d ) (fig. 2) was set fixed at 0. 2499 mm (0.0098 in. ) for 
all the results presented. In an arch bearing the free contact angle becomes 
larger than that of the conventional bearing even though the diametral play is 
held constant. The greater the amount of arching (the larger g) the higher 
tiie free contact angle. Also some of the other bearing geometry parameters 
were changed by changing the amount of arching. Tables II and III show the 
.'ffeei of the amount of arching on life, contact loads, and angles while vary- 
ing speeds and axial loads. 

The following observations can be made from the results in Tables 1 
through III: 

l. For high speeds (n. 20 000 rpm) there is a substantial increase in 

lile lor an arched bearing when compared to a conventional bearing. 
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2. At high speeds and light loads the longest life is obtained with a g 
of 0, 127 mm (0.005 in. ). 

3. There is less advantage in an arched bearing at high loads 
(F a 2: 13 345 N (3000 lb)). 

4. For low speeds the arched bearing does not offer the advantages 
that it does for high speed applications. 

5. At low speeds and small amounts of arching t he arch hear ing 
ates at a two point contact. 

6. As the applied load (F^) increases the initial speed for three point 
contact increases. 

7. As the amount of arching is increased, the speed where the arched 
bearing has initial three point contact decreases. 

8. Even small contact loads (Q qi « 100 N (22.48 lb)) at the left outer 
race help to improve the life significantly over a conventional bearing. 

Figure 7 shows the percent improvement in fatigue life of an arched 
bearing (g = 0. 127 mm (0. 005 in. )) over that of a conventional bearing for 
axial loads of 4448 N (1000 lb), 13 345 N (3000 lb), and 22 241 N (5000 lb). 
The ordinate E of this figure is defined oy the following relationship 


E = 


L 'g"-0. 005 ~ L g=Q 


100 - 


(39) 


fn this figure we see that there is significant improvement over the conven- 
tional bearing for high speed applications. For example, at n. - 28 000 rpm 
and F, t 4448 N (1000 ib), the improvement in life of an arched bearing 
vg - 0. 12 1 mm (0.005 in.)) is 340 percent. As the applied load (F ) increases 
tlie advantage of t he arched bearing becomes less significant. 


SUMMARY OF RESULTS 

A first, orcl r thrust load analysis of nn arched bearing which considers 
centrifugal forces but which neglects gyroscopic^, e’astrohydrodynamics, 
and thermal Tfects was performed. A Newton-Raphson method of iteration 
was used m evaluating the radial and axial projection of the distance between 
th' 1 ball center and the outer raceway groove curvature miter (V and W). 
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fatigue life evaluations were made. The similar analysis of a conventional 
bearing can be directly obtained from the arched bearing analysis by simply 
letting the amount of arching be zero (g = 0) and not considering equations 
related to the unloaded half of the outer race. 

Computer solutions were obtained for a 150- mm bore ball bearing. The 
amount of arching investigated was from zero to a value of g = 0. 762 mm 
■>0.030 in. ). Results are as follows: 

1. The arched bearing shows significant improvements in fatigue life 
over a conventional bearing, especially at high speeds. In particular at an 
axial load of 4448 N (1000 lb) the life improvement is. 306 percent at 3 mil- 
lion DN and 340 percent at 4.2 million DN. 

^ ere * s an optimal value of g, the amount of arching, to produce 
maximum life for a given diametral play and a given speed and load condi- 
':on. For the particular bearing investigated life improvement was great- 
est at a 4448 N (1000 lb) thrust load and 28 000 rpm when g was 0 127 mm 
(0.005 in.). 

3. For low speeds the arched bearing does not offer the advantages that 
it does for high speed applications. 
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Figure 3. Arched Dali bearing radially loaded. 
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Figure 5. - Position of ball centerand raceway groove curvature 
centers with and without centrifugal force acting on the bal I. 
Points shown for ball in top position, with bearing loaded 
axially. 


figure o. - Normal ball loading. 
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